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Abstract 
Generation and characterization of sodium aerosols contribute significantly towards safety studies of 
fast reactors and it is useful to assess the environmental source term.  The characterization include both 
chemical and physical characteristics of sodium aerosols that are generated in the case of release of hot 
sodium into the atmosphere and causing sodium fire which causes dense sodium fumes. In IGCAR, an 
aerosol test facility, having 1 m3 volume with controlled humidity for carrying out physical and 
chemical characteristics of sodium aerosols , is in operation.  In this paper the suspended mass 
concentration of sodium aerosols inside the closed environment (inside the aerosol chamber) and its 
theoretical predictions are presented. The experimental results are used for the theoretical determination 
of suspended mass concentration of sodium aerosols inside RCB in the case of CDA, using HAARM 
code and these results are also presented.  
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1. Introduction 
    The generation of sodium aerosols in the sodium cooled fast reactor (SFR) is envisaged in three 
incidents[1] viz. (i) In the normal operation of SFR, evaporation of sodium from the hot pool surface 
and subsequent condensation results in the formation of sodium aerosol within the cover gas space; (ii) 
It is expected that, during Core Disruptive Accident (CDA), the reactor containment building (RCB) is 
bottled-up with large amount of aerosols of sodium compounds along  with fuel and fission products;  
(iii) In the secondary heat transfer loop, the leakage of sodium from the fluid carrying pipes, leads to 
different types of sodium fire viz. pool fire, spray fire and column fire resulting in sodium aerosols.  Of 
these scenarios, the release of aerosols from the RCB, resulting in exposures to the public in the 
emergency planning zone, is considered to be significant, as it gives rise to environmental source term.  
 
 
 
 
 
______________ 
 
*Corresponding author. Tel.: +91-44-27480352   fax : +91-44-27480235 
E-mail: vsn@igcar.gov.in 
1876–6102 © 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Indra Gandhi Centre of Atomic Research
doi:10.1016/j.egypro.2011.06.089
Energy Procedia 7 (2011) 660 665
© 2011 Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of Indra
Gandhi Centre of Atomic Research
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
Baskaran R. et al. / Energy Procedia 7 (2011) 660–665 661
 
Thus, the environmental source term is the quantity of radioactive materials released into the 
environment under CDA, which depends on the amount of aerosols remaining suspended in the RCB 
volume from time to time and the leak rate[2]. Among the suspended aerosols in RCB during CDA, the 
mass concentration of sodium aerosols is higher than the mass concentration of fuel and fission product 
aerosols.  However, the radioactivity (specific activity) associated with fuel and fission product 
aerosols are much higher than the sodium aerosols . In the event of CDA, it is expected that, about 350 
kg of sodium, 1 kg of non-volatile fission products and 200 g of fuel get transported into RCB[3].  The 
expected mass concentration of sodium aerosols would be about 4 g.m-3, while that of fuel and fission 
product aerosols are, of the order of few  mg.m-3 (RCB volume ~ 80000 m3). Hence, the suspended 
mass concentration of aerosols inside RCB, is governed by mass depletion pattern of sodium aerosols 
[4], which in turn govern the radioactivity concentrations inside RCB.  The time evolution of sodium 
aerosol mass concentration suspended inside RCB and the leakage rates are  used to calculate the 
environmental source term.   
   The quantity of sodium aerosols mass concentration suspended inside RCB is predicted using several 
codes. In one of the studies at ORNL, Adams et.al.[5]  studied the mass deposition pattern of individual 
system of aerosols (sodium aerosols and uranium oxide aerosols) in a closed environment and verified 
the deposition pattern with HAARM-3 code.   In another study, Kari E.J. Lehtinen et al.[6] discussed 
about the general dynamic equation describing the t ime evolution of particle size distribution of single 
aerosol system.  In this paper, HAARM-S [7] code has been used to predict the mass depletion pattern 
of sodium aerosols inside the aerosol chamber and verified with experimental results.  Then, changing 
the chamber parameters to RCB, the mass depletion pattern is theoretically predicted, using the same 
code.  All the results are presented in this paper.  
2. Experimental 
2.1. Aerosol Test Facility 
    The experiments were carried out in the Aerosol Test Facility (ATF)[8] which has been designed and 
commissioned, for the safety analysis of fast reactors.  ATF mainly consists of an aerosol chamber of 
volume one cubic meter (diameter =1.5 m, height = 0.6 m and it is made of SS-304L with proper 
ground), a sodium combustion cell for the production of sodium aerosols, a 25 kW thermal plasma 
torch for the production of non-radioactive fission product aerosols  (not used for this experiment), 
aerosol measurement apparatus (Low pressure impactor, Quartz crystal Microbalance, Filter paper 
sampler, Single particle counter, Differential Mobility Analyser and Ensemble diffraction instrument),  
humidity and auxiliary systems such as water cooling, air flow, gas flow, pneumatic control, vacuum,  
material handling systems, and on-line data acquisition system for temperature, pressure and Relative 
Humidity (RH) during experiments. The chamber is provided with multiple ports for aerosol sampling.  
During the experiments, the chamber is kept in atmospheric pressure into which sodium aerosols are 
injected. The chamber pressure rose up to 6 kPa excess pressure over atmosphere to enable 
homogeneous mixing and filling of aerosols in the chamber and its diagnostic ports. Thus, aerosol 
chamber is bottled-up with aerosols. The generation of sodium aerosols and the initial size distribution 
of the sodium aerosols are taken from earlier published results[9].  The initial Mass Median Diameter 
(MMD) of sodium aerosols is found to be 1.02 μm with Geometric Standard Deviation (σg) of 1.2.  
    In this experiment, a closed face type filter paper sampler (47 mm) and a non-lubricant rotary vane 
pump with a capacity of 20 lpm coupled with rotameter were used for the measurement of mass 
concentration. An analytical balance with an accuracy of 0.1 mg (Model No.GR 200, M/s AND 
Corporation, Japan) was used for the gravimetric analysis. Aerosol sampling was carried out for 1 
minute at a flow rate of 10 lpm. The cumulative experimental errors associated with measurement in 
time, flow rate and mass is nearly ±10%.  The suspended mass concentration of sodium aerosols inside 
the aerosol chamber is measured for about 5 hours and presented in Fig. 1.  
2.2. HAARM-S Code 
The HAARM-S code[7] is the modified version of the previous three versions HAARM-1, HAARM-2 
and HAARM-3[10]. The main features of HAARM code are (i) shape factors and density corrections 
were included from experimental results and (ii) all types of agglomerations were included 
(gravitational, Brownian, and turbulent).  
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In HAARM code, an integero-differential equation describing the changes of particle concentration due 
to various agglomeration and deposition mechanisms is solved and it is given by 
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 t  =  Time 
,x the normalized collision kernel predicting the probability of collision between  two particles 
of volume x and ξ due to Brownian motion, gravitational settling and turbulent gas motion.  
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 txn , the size distribution function 
 xR   the removal rate of particles due to gravitational settling to the floor, diffusion to the walls, 
turbulent motion of gas, thermophoresis and leakage  
 txS , the source rate of particles introduced to the enclosed space of the vessel. 
    Then by assuming a lognormal distribution for the time dependent particle size distribution, the 
governing integro-differential equation is converted into three first order differential equations by 
methods of moment and solved numerically to obtain the first three moments. From the calculated 
moments the statistical parameters of the lognormal distribution are calculated.  By inserting these 
parameters in the assumed lognormal distribution, the number distribution of the aerosol is obtained.  
2.3. Method of Moment 
    The integro-differential equation (1) is converted into a set of first order differential equation, by 
multiplying with xk  and integrated over ‘x’ then by taking = x-ξ, and with some rearrangement   
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when k = 0,1,2 these moment equations were solved simultaneously for the unknowns  X0, X1 and X2.  
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The solution of equation (2) is analytically obtained by taking particle concentration as lognormal 
distribution function at all times. Hence number distribution is 
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Where  
N(t)  = X0 the total number concentration of suspended particles   
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    In addition to the three moment equations, the code has the capability to provide the information on 
the mass and number of aerosols diffused, settled (wall and floor deposition) and leaked from the 
containment by solving additional differential equations. 
    The source code as received from NEA, USA, is in Fortran II, and it is meant for CDC Cyber.  Since 
both the languages (Fortran II and the machine language CDC Cyber) are obsolete, the source code is 
modified to Fortran 90. 
3. Results and Discussion 
    The results of the experiments are compared with the prediction by HAARMS-S code and included 
in Fig. 1.  It is observed that for the initial concentration of 1.9 g.m-3 and for the initial size (MMD) 
with 1.02 μm  (σg = 1.2), the depletion of mass concentration predicted by the code has good agreement 
with experimental results. In the first 60 minutes duration, the HAARM code overestimates the 
suspended mass concentration by 20%, whereas in the second 60 minutes the HAARM code 
underestimates the suspended mass concentration by 20%. But the difference in the estimated value 
and the observed value may be attributed to random errors. Beyond 180 minutes, the HAARM code 
predicted values are 50% less than the experimental value, but by this time the suspended mass 
concentration becomes one order less and hence the difference in the estimation is inconsequential.   
 
 
Fig.1 Depletion pattern of sodium compound aerosols in a closed vessel. 
 
    Then taking into account of RCB details of PFBR as (i) RCB volume – 7.0x1010 cm3, (ii) RCB floor 
area to volume – 2.25x10-4cm-1, (iii) Wall to volume – 1.15x10-3 cm-1, (iv) Angle of the wall suspended 
with floor - 90°, (v) Sodium leak – 350 kg, (vi) Sodium aerosol initial radius – 0.5μm and σg – 1.2, (vii) 
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Temp. - 310K, the HAARM-S code is employed to predict the suspended mass concentration of 
sodium aerosols and it is presented in Fig. 2.  
 
 
 
 
Fig. 2 Suspended mass concentration of sodium aerosols predicted using HAARM -S code for PFBR 
    It is observed in Fig. 2, that during first 100 minute, the falling trend is found to be slower. Then it 
follows deeply for about another 500 minutes.  The slower trend may be attributed to the coagulation of 
aerosols during that period. After the laps of 100 minute, the particles are sufficiently large so that they 
undergo gravitational settling resulting in steeper falling pattern. The trend is almost similar to that 
observed with aerosol chamber when compared with the experimental pattern.  As expected, the mass 
concentration reaches one order less at about 1000 minutes. Since the initial mass concentration is more 
(~ twice) compared to that of aerosol chamber, the time taken to reduce the mass concentration by one 
order is doubled.  It is to be noted here that the integro-differential equation assumes infinite boundary 
and spatial distribution of aerosol is homogeneous. 
4. Summary 
    It is observed from the scenario of PFBR prediction, the mass concentration reduced to 10% in about 
1000-1500 minutes, which means that only 10% of the radioactive materials remain suspended beyond 
1500 minutes and 90% of the materials deposited mainly on the floor and trace amount on side walls.  
Further if we run the code, at about 24 hours only less than 4% would remain suspended in the RCB 
volume. This quantity would be taken into consideration in the case of calculating environmental 
source term for the release of radioactive materials. However, the result would get modified if the 
spatial distribution of aerosols is  not uniform. 
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